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E-mail address: zhaofengli@bilkent.edu.tr (Z. Li).Planar metamaterials with omega shaped metallic inclusions were studied experimentally and theoret-
ically. Our results show that when the incidence is perpendicular to the plane of the omega structure, the
omega medium acts effectively as an electric resonator metamaterial. The stop band of the omega med-
ium is due to the negative part of the electric resonance of the omega structure. The transmission band of
the composite metamaterial (CMM) that is based on the omega medium is due to the strong positive part
of the electric resonance of the omega structure. Consequently, the transmission band of the CMM does
not coincide with the stop band of the omega medium. Furthermore, the transmission band of the CMM is
a band with positive refractive indices. Our experimental and numerical results are in good agreement.
 2010 Elsevier B.V. All rights reserved.1. Introduction
Metamaterials are artiﬁcially structured materials that can
possess exotic and intriguing properties that are not available in
natural materials. Motivated by Pendry’s proposal of the construc-
tion of a perfect lens [1], many efforts have been made to design
and optimize metamaterials with an effective negative refractive
index [2–5]. One widely investigated design is a metamaterial that
is composed of inﬁnite metallic wires [6] and split ring resonators
(SRR) [7]. In this composite metamaterial (CMM), the bianisotropy
of the SRR structure is usually thought of as an undesired property
and should be avoided. Several studies have been reported con-
cerning the elimination of the magnetoelectric coupling effect
[8–11]. However, it was recently proposed that bianisotropy may
be useful for the construction of a metamaterial in certain situa-
tions [12]. An omega medium (Xmedium) is a typical bianisotrop-
ic medium that is a composite electromagnetic (EM) material with
a proper combination of X-shaped metallic inclusions in a host
dielectric medium [13]. The properties of metamaterials that are
composed of omega structures are indeed different from the tradi-
tional metamaterials that are composed of inﬁnite wires and SRRs
[14,15].
On the other hand, along with the operation frequency in turn
increasing from the microwave region into the optical region, tra-
ditional metamaterials that are composed of inﬁnite wires and
SRRs instill a great challenge for nano-fabrications. This is because
the resonance of the effective permeability requires the light toll rights reserved.propagate parallel to the SRR plane and the magnetic ﬁeld to oscil-
late perpendicularly to this plane, in which such a conﬁguration is
difﬁcult to realize in the optical domain. Accordingly, planar
metamaterials are proposed, among which cut-wire pair [16]
structures and ﬁshnet structures [17] are two typical examples.
For the planar metamaterials, the k vector of the incident wave is
perpendicular to the plane of the resonator, in which this conﬁgu-
ration is suitable for planar fabrications. Moreover, apart from the
applications of negative index materials, planar metamaterials are
also proposed to be used as functional devices, e.g., ﬁlters as well as
switching or modulation devices [18].
In our previous works [14], we reported our studies on the ome-
ga media with the incidence in the plane of the omega structures,
in which the properties of the omega media are different from a
conventional metamaterial because of its anisotropy. In the pres-
ent report, we will study the characteristics of the omega media
for the incidence being perpendicular to the plane of the omega
structures. In this case, the omega media and its corresponding
composite metamaterial act as planar metamaterials and will not
exhibit bianisotropy. Besides, since the omega media and its corre-
sponding composite metamaterial are designed to be asymmetric
along the incident direction, a retrieval method [19] that is suitable
for asymmetric metamaterials is used to extract the effective
parameters for the omega media and its corresponding composite
metamaterial.2. Results of the experiment and simulation
Fig. 1a shows a unit cell of the omega medium under study.
Fig. 1b is a unit cell of a composite metamaterial, which is a
Fig. 1. (a) and (b) The schematics of the unit cells for an omega medium and a CMM
based on the omega medium. (c) The parameters for the omega structure. (d) The
parameters for the inﬁnite wire in the CMM medium.
Fig. 2. The experimental and simulation results of transmission spectra for the
omega medium. (a) The incidence with E ﬁeld polarized in the z direction. (b) The
incidence with E ﬁeld polarized in the y direction.
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Fig. 1c shows the detailed structure of the omega structure with
its parameters. The parameters in Fig. 1c are r = 1.19 mm,
W = 0.45 mm, and L = 1.8 mm. The omega structures are made of
copper on a FR4 printed circuit board (PCB). The thickness of the
copper and FR4 are 30 lm and 1.6 mm, respectively. By arranging
these omega structures periodically in three orthogonal directions,
an omega medium can be obtained. In the experiments, we arrange
X-resonator units periodically with 5, 40, and 30 unit cells in the x,
y, and z directions, respectively. The lattice constants are ax = ay
= az = 5 mm. While in the simulations, we use periodic boundary
conditions in the y and z directions. We performed the numerical
simulations by using a commercial software package (CST STUDIO
microwave) that is based on the ﬁnite integration technique. In or-
der to investigate the properties of CMM based on omega struc-
tures, a periodic arrangement of continuous thin copper wires
were adopted to achieve negative permittivity at microwave fre-
quencies. A unit cell of the continuous wire is shown in Fig. 1d.
The wire is on the opposite side of the PCB. The thickness of the
metal is 30 lm. The width of the thin wire is t = 1.44 mm, and
the height is h = 5 mm, which is equal to the periodic constant
in the y direction. In our experiments, the lattice constants and
number of layers of continuous metallic wires are equal to that
of periodic omega media in the x and z directions. While in the y
direction, the wires are continuous and the total length of the wires
is 150 mm. During the experiments, transmission measurements
were performed in free space by using an HP 8510-C network ana-
lyzer. Microwave horn antennas are used as transmitters and
receivers, in which the transmission through the samples was
measured.
Fig. 2a and b shows the results of the experiment and simula-
tion, respectively. Our simulation results are in good agreement
with that of the experiment. Fig. 2a shows the transmission spectra
for the incidence with the E ﬁeld polarized in the z direction. One
sees a stop band around 11 GHz. This stop band is reminiscent of
the stop band when the incidence is in the plane of the omega
structure [14], in which the bianisotropy of the omega medium
is active. This means that the incident E ﬁeld in the z direction
has excited the resonance of the omega structure. However, this
resonance does not couple to the incident H ﬁeld and, therefore,
the entire metamaterial here does not show bianisotropy. Fig. 2b
shows the transmission spectra for the incidence with the E ﬁeldpolarized in the y direction. Different from the result of Fig. 2a,
one does not see any stop band around 11 GHz. This means that
the incident E ﬁeld in the y direction does not excite the desired
resonance of the omega structure in the frequency range under
study. Consequently, in the following part of the present report,
we will concentrate our investigation on the incidence with the E
ﬁeld polarized in the z direction.
Fig. 3a shows the experimental results of the transmission spec-
tra for the omega medium, wire medium, and CMM. It is seen that
for the CMM there is a transmission band that is below the plas-
monic frequency of the wire medium. However, unlike the tradi-
tional metamaterials [2–5], this transmission band does not
coincide with the stop band of the omega medium. Instead, this
transmission band of CMM lies just below the stop band of the
omega medium. This phenomenon is similar to the case when
we were studying the bianisotropic characteristics of an omega
medium [14], in which the incidence was in the plane of the omega
structure. The above results imply that the transmission band of
CMM should not be a band of the negative refractive index [14].
Fig. 3b shows the results of the simulation. It is clearly seen that
our simulation results are in good agreement with the experimen-
tal results.
3. Retrieval of the effective parameters
In order to investigate the underlying physical mechanism of
the above experimental and simulation results. We performed re-
trieval works for the two metamaterials that are shown in Fig. 1a
and b. It should be noted that the unit cells shown in Fig. 1a and
Fig. 3. The experimental (a) and simulation (b) results of transmission spectra for
the omega medium, wire medium, and CMM medium. All of the results are for the
incidence with the E ﬁeld polarized in the z direction.
Fig. 4. The retrieval data for the omega medium. (a) and (b) The magnitude and
phase data of the S parameters. (c–f) The retrieval results for the effective
parameters of refractive index n, real parts of impedance z, real parts of permittivity
e, and real parts of permeability l.
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direction) and, therefore, it is not suitable for retrieving the effec-
tive parameters by using the conventional retrieval method [20].
Instead, we used an improved retrieval method that is capable of
extracting the effective parameters for asymmetric metamaterials
[19]. In the retrieval procedure, we employed a single layer of ome-
ga medium (or CMM) along the x axis. Hence, the simulation setup
coincides with a slab of omega medium (or CMM) that consists of
single period layer. The effective parameters were then derived
from the transmission and reﬂection coefﬁcients of this single layer
of omega medium (or CMM). In the retrieval results, we will obtain
one refractive index n, two impedances (z1 and z2 for +x and x
directions, respectively), two permittivity (e1 and e2), and two per-
meability (l1 and l2).
Fig. 4a and b shows the magnitude and phase information of the
scattering parameters (S parameters) for the omega medium
shown in Fig. 1a. It can be seen that S21 is equal to S12, but S11
is not equal to S22. The results of the S parameters conﬁrm the fact
that the omega medium under study is an asymmetric medium,
because S11 is equal to S22 for a conventionally symmetric meta-
material. Fig. 4c shows the retrieved results of the effective refrac-
tive index n, where (.)0 denotes the real part operator, and (.)0 0
denotes the imaginary part operator, respectively. It can be seen
that the imaginary part of the refractive index has large positive
values in the frequency range from 10 to 11.8 GHz, which exactly
corresponds to the stop band of the omega medium (cf. Fig. 3).
Fig. 4d shows the retrieved results for the real parts of the imped-
ances. Due to the asymmetry of the unit cell, here we obtained two
impedances. z1 is the impedance for wave propagation in the +x
direction, and z2 is the impedance for wave propagating in thex direction. Except for the frequencies in the stop band, z10 is
equal to z20. This implies that in the frequencies away from the res-
onance, the omega medium is much like a homogeneous material
[19]. However, for the frequencies close to the resonance, the
Fig. 5. The retrieval data for the CMM. (a) and (b) The magnitude and phase data of
the S parameters. (c–f) The retrieval results for the effective parameters of refractive
index n, real parts of impedance z, real parts of permittivity e, and real parts of
permeability l.
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Fig. 4e and f shows the retrieval results for the effective parameters
of permittivity (e0) and permeability (l0). From these two results,
one can clearly see that the stop band of the omega medium isdue to the negative value of the permittivity (e0) since the perme-
ability (l0) is always positive in the entire frequency range. Obvi-
ously, based on the above retrieval results, one can conclude that
when the k vector of the incident wave is perpendicular to the
plane of the omega structure, the omega medium acts effectively
as an electric resonator.
Now let us check the retrieval results for the CMM. Fig. 5a and b
shows the magnitude and phase information of the S parameters
for the CMM. It can be seen that S21 is equal to S12, but S11 is still
not equal to S22 because the unit cell of the CMM is asymmetric
along the wave propagation direction. Fig. 4c shows the retrieved
results of effective refractive index n. It is seen that in the fre-
quency range from 9.2 to 10 GHz, the real part of the refractive in-
dex n0 is positive, at the same time the imaginary part of the
refractive index n0 0 is nearly zero. This frequency range exactly cor-
responds to the transmission band of the CMM. Fig. 4d shows the
retrieval results of the real parts for the effective impedances z10
and z20. Corresponding to the transmission band of CMM (from
9.2 to 10 GHz), z10 and z20 have positive but different values.
Fig. 4e and f shows the retrieved effective parameters of real parts
of the permittivity (e0) and the permeability (l0). From the data of
permittivity (e0), one sees that corresponding to the frequency
range of the transmission band of CMM, e10 and e20 have positive
but different values. The difference between e10 and e20 comes from
the asymmetry of the CMM unit cell. Meanwhile, l10 and l20 have
positive values in the same frequency range. Nonetheless, the re-
sults of l20 show some abnormal values in other two frequency
ranges, i.e., the frequency range from 8.6 to 9.2 GHz, and the fre-
quency range from 14.15 to 15.2 GHz. In these two frequency
ranges, the value of l20 is negative. This phenomenon is counterin-
tuitive because no element in the CMM is resonant with the H ﬁeld
of the incidence. On the other hand, the value of e10 is positive in
the same two frequency ranges. This means that these two fre-
quency ranges are within stop bands for an EM wave propagating
in the x direction. Moreover, in these two frequency ranges, the
two impedances z10 and z20 have quite different values. This means
that the CMM is not suitable to be considered as a homogeneous
material within there two frequency ranges [20]. Consequently,
the retrieved effective parameters of permittivity and permeability
have very weak physical meanings for the two frequency ranges.
Now, one can conclude that the transmission band of the CMM is
a band of positive refraction. Although this transmission band is
below the plasmonic frequency of the inﬁnite wire medium, the
electric resonance of the omega structure is so strong that the com-
bined medium still has a positive value of permittivity around the
resonance frequency range.
After comparing the retrieval results of the omega medium and
CMM, one ﬁnds that the stop band of the omega medium is due to
the negative part of the electric resonance of the omega structure,
while the transmission band of the CMM is due to the positive part
of the resonance. Consequently, the transmission band of the CMM
does not coincide with the stop band of the omega medium.4. Conclusions
Planar metamaterial with omega structure inclusions are stud-
ied experimentally and numerically. When the incidence is per-
pendicular to the plane of the omega structure, the omega
medium acts effectively as an electric resonator metamaterial.
The stop band of the omega medium is due to the negative part
of the electric resonance of the omega structure. For the CMM
based on the omega structure, a transmission band can be ob-
served, which is located beside the stop band of the omega med-
ium. Our retrieval results show that this transmission band is a
band with positive refractive indices. The transmission band of
Z. Li et al. / Optics Communications 283 (2010) 2547–2551 2551CMM is due to the strong positive part of the electric resonance of
the omega structure. Consequently, the transmission band of the
CMM does not coincide with the stop band of the omega medium
naturally.
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